-SNX27 modulates membrane recycling of GPR17 -In maturing oligodendrocytes (OLs) SNX27 down-regulation triggers degradation of GPR17 and accelerates myelination -SNX27, GPR17 expression and OL maturation are altered in a model of Down syndrome
INTRODUCTION
number of GPCRs (Ardura and Friedman, 2011) , including the purinergic receptors P2Y 1 and P2Y 12 (Fam et al., 2005; Nisar et al., 2012) , which share similarities with GPR17 (Ciana et al. 2006) . SNX27 is a member of a large family of endosomal trafficking proteins that differs from the other members of the same family because it contains a PDZ domain (Carlton et al., 2005) . SNX27 is targeted to early endosomal membranes by the PX domain (Cai et al., 2011) and has originally been shown to play a crucial role in the trafficking of a 5-hydroxytryptamine receptor 4 variant containing a type I PDZbinding motif (Joubert et al., 2004) . Moreover, recent data demonstrate that SNX27 is required for the recycling to the plasma membrane of a number of receptors and ion channels, including glutamate receptors, AMPA and NMDA, and GIRK (G protein-coupled inwardly-rectifying potassium) channels, by linking them to "retromer complexes" that mediate trafficking of proteins from endosomes to the cell surface (Lunn et al., 2007; Lauffer et al., 2010; Balana et al., 2011; Temkin et al., 2011; Steinberg et al., 2013; Loo et al., 2014) . Loss of SNX27 enhances the degradation of the target proteins, thus confirming its role in diverting proteins from lysosomes to plasma membrane (Lauffer et al., 2010) . SNX27 is essential for mouse development because SNX27 +/knock-out mice die at one month of age (Cai et al., 2011) . On the other hand, SNX27 +/mice show several defects including a cognitive impairment that mimics cognitive defects characterizing human Down syndrome (DS), for which a significant reduction of SNX27 expression has been reported . On the basis of these studies it can be expected that SNX27 plays an important role in the physiology and survival of many different cell types.
Based on these data and on the observation that GPR17 contains a putative type I PDZ binding motif, in this study we analyzed the role of SNX27 and NHERF1 in controlling GPR17 recycling in OLs. Our results demonstrate that SNX27, but not NHERF1, interacts with GPR17 and that it is crucial in controlling GPR17 plasma membrane recycling and expression in differentiating OL cells. Downregulation of SNX27 accelerates the degradation of GPR17 and, in turn, the differentiation of OPCs towards a more mature phenotype. In addition, we show a reduced number of GPR17 + immature OLs in the brains of Ts65Dn mice (a well characterized model of DS), which are known to express reduced levels of SNX27 , and demonstrate that this correlates with an increased number of mature CC1 + OLs, which show, however, a lower expression of myelin proteins, thus suggesting an impaired terminal maturation of OLs. Taken together, our data support a relevant role for SNX27 in OL differentiation through the interaction with GPR17, which may have potential implications for OL differentiation defects in pathological settings.
MATERIALS AND METHODS Materials and antibodies
The list of primary antibodies utilized in the study is reported in Table 1 . UDP-glucose, protease inhibitor cocktail, dithiothreitol (DTT), anti-rabbit and mouse IgG conjugated to horseradish peroxidase, anti-rabbit IgG-light chain conjugated to horseradish peroxidase, and biotinylated anti-goat IgG were obtained from Sigma-Aldrich (Milan, Italy). IR Dye 800 CW goat anti-rabbit IgG and IR Dye 680 RD goat anti-mouse IgG were from Li-Cor Biosciences (Cornaredo, Milan, Italy) . Anti-rat IgG conjugated to horseradish peroxidase, goat anti-rabbit IgG or goat anti-mouse IgG conjugated to AlexaFluor® 488 and Streptavidin conjugated to AlexaFluor® 555 were purchased from Life Technologies (Monza, Italy). Antibodies against the C-terminal region of GPR17 (áCt-GPR17) and the N-terminal region of mouse GPR17 (áNt-GPR17) were raised in rabbits, affinity-purified, and characterized as previously described ; Table 1 ). To follow GPR17 internalization in rat primary OPCs, a new antibody (from here on referred to as áNt-rGPR17) was raised in rabbits using a synthetic peptide corresponding to the N-terminal sequence of rat GPR17 (MDG-LETALPSLTDNASLAYSEQC) coupled to keyholelimpet hemocyanin, and affinity-purified. Its specificity for rat GPR17 was demonstrated by Western blotting and immunofluorescence on rat primary OPC cultures after preadsorption with the antigen (data not shown). The DyLight488-, FITC-, Cy3-, Cy2-and Cy5-conjugated anti-mouse, rabbit or rat IgGs were purchased from Jackson ImmunoResearch Laboratories (West Grove, PA, USA). AlexaFluor 488-conjugated streptavidin was from Termo-Fisher Scientific (Waltham, MA, USA). The transfection reagents TurboFECT and JetPei were obtained from Thermo Scientific and Polyplus Transfection (Illkirch, France), respectively. HisPur TM Ni-NTA Resin was purchased from Thermo Scientific.
Plasmids and site-directed mutagenesis
The pCMVEntry-human(h)SNX27 conjugated to Myc and FLAG epitopes was purchased from OriGene Technologies (Rockville, MD 20850), and it was then sub-cloned into pcDNA3 without the FLAG epitope (SNX27 wild-type). The hSNX27 conjugated to histidine (His-SNX27) was obtained by sub-cloning hSNX27 into the pRSETB vector (Life Technologies). The pcDNA3.1/V5-His-TOPO mGPR17 was obtained as previously described (Lecca et al., 2008) . The pFLAG-CMV2-hGPR17 was obtained by subcloning in frame with the upstream FLAG sequence the human GPR17 receptor from a previously generated pcDNA3.1 vector (Life Technologies) into a pFLAG-CMV2 expression vector (Sigma-Aldrich). The appropriate control RNA (CSHCTR001-CU6) and short hairpin (sh)-RNAs cloned into a psi-U6.1 vector carrying EGFP-cDNA and targeting the SNX27 sequences 1) catgaggctgataacctag, 2) ggccattctcattatcaga, 3) ctggcacctaatgaatttc and 4) actctacgtccagaactat were purchased from GeneCopoeia (Rockville, MD). The pcDNA3 vector was from Life Technologies. The GPR17 cDNA in pcDNA3.1/V5-His-TOPO and in pFLAG-CMV2 plasmids and the SNX27 cDNA in pRSET B plasmid were mutagenized using the QuickChange Lighting Site-Directed Mutagenesis Kit (Agilent Technologies, La Jolla, CA, USA). The mutations (Table 2) were introduced by PCR using a Pfu-based polymerase followed by digestion with DpnI enzyme to remove the parental DNA. The specific primers designed to obtain the mutants used herein were as follows:
Stop F (5'-CTCCCTGAGTGCCTGATCCGAGCTGTG-3'); performed by incubating the cells in Sato plus conditioned medium (CM; 1:1 ratio) obtained from neuron primary cultures . The HEK293 cell line was grown in DMEM containing 10% fetal bovine serum, 1% penicillin/streptomycin and 2 mM L-glutamine, at 37°C and 10% CO 2 . Enriched OPC primary cultures were prepared from mixed glial cultures of cortices from postnatal day 3 (P3) C57BL/6 mice or P2 Sprague-Dawley rats using a selective detachment procedure described previously Medina-Rodriguez et al., 2013) . OPCs were then seeded onto petri dishes or coverslips coated with poly-L-lysine and grown in Sato medium without tyroxine supplemented with 10 ng/mL bFGF and 10 ng/mL PDGF-AA. After two days, the cells were transfected as described below and then incubated in complete Sato medium without growth factors to allow differentiation.
Plasmid transfections
The day before transfection, Oli-neu or HEK293 cells were seeded onto 24x24 mm glass coverslips (75,000 Oli-neu or 150,000 HEK293/coverslip), 60 mm Petri dishes (180,000 Oli-neu/Petri dish) or 100 mm Petri dishes (1,500,000 HEK293 cells/Petri dish) for 24 h, and then transfected with the appropriate vectors using JetPei (PolyPlus) or TurboFECT (Thermo Scientific). The 24x24 mm coverslips were transfected with 0.5 ìg (Oli-neu) or 1 ìg of DNA (HEK293), the 60 mm Petri dishes were transfected with 1 ìg of DNA, and the 100 mm Petri dishes were transfected with 2.5 (Oli-neu) or 5 ìg of DNA (HEK293). In the co-transfection experiments, the vectors were mixed in a 1:1 ratio. After 48 or 72 h, cells were fixed in paraformaldehyde or lysed (see below). For SNX27 silencing, Oli-neu cells or OPCs were seeded onto 24 mm and 16 mm diameter glass coverslips, respectively (ranging from 30,000 to 75,000 cells/coverslip) or 60 mm Petri dishes (ranging from 165,000 to 180,000 cells/Petri dish) on the day before transfection. After 24 h or 48 h, respectively, Oli-neu cells and OPCs were 1:50,000; in the case of anti-SNX27, diluted 1:25,000) or anti-rat IgG (diluted 1:5,000) conjugated to peroxidase were used as secondary antibodies. The peroxidase activity was revealed using a chemiluminescent substrate from Thermo Scientific. Alternatively, for quantitative analysis, the primary antibodies were detected using anti-rabbit IgG conjugated to IR Dye 800 CW or anti-mouse IgG conjugated to IR Dye 680 RD (diluted 1:10,000). The intensity of the secondary antibodies was detected and quantified using a Li-Cor Bioscience Odyssey CLx infrared imaging system.
Antibody labeling of cell surface-exposed GPR17 in living cells
Labeling of living cells was essentially performed as previously described . Cells cultured on coverslips as described above were chilled to 4°C, washed once in ice-cold PBS containing 0.1 mM CaCl 2 , 1 mM MgCl and 1% HS (Oli-neu cells) or 1% BSA (HEK293 cells), and then incubated at 4°C for 30 min with rabbit áNt-GPR17 or anti-FLAG antibodies (Table 1) . Cells were washed five times and then either fixed with paraformaldehyde or incubated in Sato medium (Oli-neu cells) or DMEM (HEK cells) with or without 100 ìM UDP-glucose. After 15 or 30 min of incubation at 37°C, cells were chilled to 4°C to block endocytosis, washed with PBS (or when required with 50 mM glycine buffer, pH 2.8), re-incubated in Sato medium or DMEM without agonist at 37°C for 10 or 20 min, and then processed for immunofluorescence.
Immunofluorescence
Cells were fixed with 4% paraformaldehyde in phosphate buffer, pH 7.3, containing 4% sucrose (8-10 min for Oli-neu, 15-20 min for HEK293 cells) and immunolabeled as previously described (Linetti et al., 2010) . When required, they were permeabilized for 5-10 min at room temperature in PBS containing 0.1% or 0.3% Triton X-100. The aldehyde complexes were neutralized by glycine washing, and, when required, endogenous avidin and biotin were neutralized using avidin/biotin blocking kit (Vector Laboratories, Burlingame, California). The primary and secondary antibodies and AlexaFluor 488-conjugated streptavidin were diluted in 10 mM phosphate buffer and 450 mM NaCl containing 0.2% gelatin. For the co-staining of rabbit anti-NHERF1 (Thermo Scientific, Rockford, Illinois) and rabbit anti-Olig2 (Merck Millipore, Billerica, Maryland) the Tyramide Signal Amplification kit (Thermo-Fisher Scientific, Waltham, Maryland) was used according to manufacturer's instructions. The coverslips were mounted on slides with Mowiol 4-88 (PolyScience Europe, Eppelheim, Germany).
Mouse Colony
Female Ts65Dn mice carrying a partial trisomy of chromosome 16 (Reeves et al., 1995) were obtained from Jackson Laboratories (Bar Harbour, ME, USA) and maintained on the original genetic background by mating them with C57BL/6JEi x C3SnHeSnJ (B6EiC3) F1 males. The animals were karyotyped using real-time quantitative PCR (qPCR), as previously described (Liu et al., 2003) . The date of birth was designated as postnatal day zero (P0). The health and comfort of the animals were controlled by the veterinary service. The animals had access to water and food ad libitum and lived in a room with a 12:12 hour dark/light cycle. The experiments were performed in accordance with Italian and European Community law for the use of experimental animals and were approved by the Bologna University Bioethical Committee. In this study, all efforts were made to minimize animal suffering and to minimize the number of animals used.
Immunohistochemistry
Free-floating and paraffin-embedded sections of brains from euploid or Ts65Dn mice at 45 postnatal days were prepared as described in Guidi et al., (2014) . Immunohistochemistry was conducted as previously described . Incubation with primary antibodies was performed overnight at 4°C in PBS with 5% normal goat serum and 0.3% Triton-X 100. The high-sensitivity tyramide signal amplification kit (Perkin Elmer, Monza, Italy) was used in accordance with the manufacturer's instructions to reveal GPR17 + cells. The samples were incubated with secondary antibodies for 1 h at room temperature: goat anti-rabbit IgG or goat anti-mouse IgG conjugated to AlexaFluor®488 were diluted 1:600. The nuclei were stained via a 20-min incubation at room temperature with Hoechst 33258 dye (1:10,000; Life Technologies). The slides were finally washed and mounted with Fluorescent Mounting Medium (Dako Italia, Milan, Italy). For MBP staining of paraffin-embedded samples, paraffin was removed using xylene, samples were re-hydrated with graded ethanol concentrations, and rinsed in water. To retrieve the antigenicity of the epitope, samples were maintained in 10 mM sodium citrate buffer (pH 6) containing 0.05% Tween® 20 and underwent four cycles of heating in a microwave oven at 800W for 4'' each, separated by 1' of cooling. Samples were then stained using the Tyramide Signal Amplification kit according to manufacturer's instructions, except for blockage of nonspecific antigenic sites that was done overnight at 4°C.
Image analysis and quantification
The internalization of GPR17 in HEK293 cells was quantified by measuring the immunofluorescence intensity of áNt-GPR17-stained cells before (time 0) and after incubation with agonists at 37°C, followed by washes with glycine buffer to strip the antibody bound to the remaining cell surface-exposed receptors and further incubation at 37°C to allow receptor recycling (Fratangeli et al., 2013) . At least three independent experiments were performed for each condition, and approximately 100 cells were examined in each experiment. The images were recorded using a Nikon E600 microscope (equipped with an AxioCam HRm; Zeiss Italia, Milano, Italy), an Axiovert 200M (Zeiss) confocal system equipped with a spinning disc (UltraVIEW acquisition system; Perkin Elmer Italia spa, Milan, Italy) or a Zeiss LSM510 Meta microscope with a Zeiss plan-NEOFLUAR 63x or 40x objective. To compare the double-or triple-stained patterns, the images from the fluorescein, rhodamine or Cy5 channels were acquired separately and superimposed. For the comparative analyses, the images were recorded using identical parameters. The images were exported as TIFF files for processing with Photoshop (Adobe Systems, Mountain View, CA, USA) and analyzed using ImageJ software.
To quantify the number of Myelin Basic Protein (MBP) or Myelin-Associated Glycoprotein (MAG)-positive cells in Oli-neu and OPC cultures, composite images were collected using the stitch option of the Volocity acquisition setup. Coverslips were scanned with a Zeiss Plan-NEOFLUAR 25x/0.80 objective using a PRIOR Proscan 3 motorized xy-stage. The stitched composite images were exported in TIFF format and processed with Photoshop or ImageJ. To analyze the number of positive cells after immunohistochemistry (Figs. 9 and 10), images of the whole hemisphere were recorded at 10X magnification under a Zeiss Axiovert 8400 microscope (Zeiss) equipped with a CCD camera module. The total number of positive cells in the whole hemisphere and in selected brain areas was counted using ImageJ software and normalized according to the number of counted fields (at least 50/sample; each field is 869.14 μm wide and 650.28 μm high, for an area of 565,186.5 μm 2 ). Representative images were examined with a laser scanning confocal microscope (LSM 510, Zeiss). Images were acquired and analyzed using the LSM Image Browser software (Zeiss). For MBP analysis in brain regions, comparable cutting sections of cerebral hemispheres from euploid or Ts65Dn mice immunostained for MBP were scanned using an Axiovert 200M confocal system equipped with a spinning disc and a motorized xy-stage. Multiple x/y fields covering total area of individual brain hemisphere were acquired automatically with Volocity software using a focus map created in order to obtain the best focus for each field. The fields for each slice were then assembled automatically using the stitch option of the Volocity acquisition setup to form composite micrographs that were exported as TIFF file (Supp. Info. Fig. 8 ). For quantification, selected areas of corpus striatum and cortex were converted in binary images with Image J programme (using automatic thresholding) and the mean intensity quantified in a approximately equal areas. Cortex: euploid = 4.95 mm 2 ; Ts65Dn = 5.07 mm 2 ; corpus striatum: euploid = 5.90 mm 2 ; Ts65Dn = 5.90 mm 2 .
Statistical analysis
Raw quantitative Western blotting data were normalized to the percentage of control (comparative Western blots) or to the percentage of t = 0 (degradation assays) for each condition. The mean values and standard error of the mean for the indicated number of independent experiments were calculated followed by an unpaired Student's t-test to assess the statistical significance. Data were analyzed using GraphPad Prism software, and the results are expressed as mean values ± s.e.m. Statistical significance was assessed using a two-tailed, unpaired Student's t-test or ANOVA test.
RESULTS

An intact PDZ-binding motif is required for the correct trafficking of GPR17
To investigate the functional role of the putative PDZ-binding motif of GPR17, we introduced the following mutations into the C-terminus of wild-type mouse receptor (mGPR17-WT) in order to impair its interaction with putative PDZ domain proteins (Table 2 ; Lee and Zheng, 2010) : i) an additional alanine residue positioned at the extreme end of the C-terminus (mGPR17-SELA); ii) a substitution that creates a stop codon before the PDZ-binding motif to delete the last four amino acids (mGPR17-stop); and iii) substitutions that give rise to an alanine residue instead of a serine at position P-2 (mGPR17-AEL) or two alanine residues instead of a serine and a glutamate (mGPR17-AAL) at positions P-2 and P-1, respectively. The trafficking of mutant and wild-type GPR17 was analyzed after transient expression in HEK293 and in Oli-neu cells (Figs. 1, 2; Supp. Info. Figs. 1 and 2) . The latter is an OL precursor cell line that was immortalized from E16 mouse brains (Jung et al., 1995; Winterstein et al., 2008) and recapitulates several features of differentiating OPCs in vitro. Oli-neu cells express many early OPC markers (including NG2, a cell surface chondrotin sulfate proteoglycan) and begin to differentiate and express GPR17 when cultured in cortical neuron-conditioned medium (CM; Supp. Info. Fig. 5 ).
First, we investigated the sub-cellular distribution of mGPR17-WT and mutants in fixed cells by immunolabeling with antibodies directed against the C-terminal domain of GPR17 (áCt-GPR17; Table  1 and Fratangeli et al., 2013 and refs. therein) . At steady state, 48 hours after expression, mGPR17-WT was widely distributed on the cell surface of Oli-neu, as demonstrated by colocalization with NG2, and HEK293 cells (Supp. Info. Fig. 1 ). Conversely, all GPR17 mutants were mainly detected in discrete dotlike structures scattered throughout the cytoplasm and, to a much lesser extent, on the cell surface of Olineu (as revealed by a reduced colocalization with NG2) and HEK293 cells (see Supp. Info. Fig. 1 for GPR17-SELA and data not shown for other receptor mutants).
To track GPR17 internalization, we took advantage of an antibody raised against the 17 extracellular N-terminal domain of the receptor (named áNt-GPR17, Table 1 ) previously utilized to analyze the endocytic trafficking of endogenous GPR17 in Oli-neu cells . We therefore labeled living transfected HEK293 cells at 37°C for 30 min with áNt-GPR17, as previously described . mGPR17-WT was still mainly detected on the cell surface, as revealed by colocalization with anti-cadherin antibodies used to decorate HEK293 plasma membrane ( Fig. 1) . Conversely mGPR17-SELA ( Fig. 1) , -stop, -AAL and -AEL (Supp. Info. Fig. 2 ) were mostly localized in intracellular vesicles. Colocalization with the transferrin receptor (TfR) revealed that a number of these structures corresponded to endocytic vesicles. Colocalization of mGPR17-WT and TfR-positive vesicles was also observed (Fig. 1 , Supp. Info. Fig. 2 ), in line with previous observations . Conversely, no colocalization with markers of either the Golgi apparatus or of the endoplasmic reticulum was detected (data not shown). Taken together, these findings indicate that alteration of the PDZ-binding motif impairs GPR17 trafficking.
To further characterize the defects in the transport of mutant receptors, we labeled surfaceexposed receptors for 30 min at 4°C with the áNt-GPR17 antibody and stimulated their internalization/desensitization by incubation with a GPR17 agonist (UDP-glucose). After acid washing (glycine buffer, pH 2.8) to strip the antibodies bound to the receptors that remained on the cell surface, we re-incubated the cells in the absence of agonist for 10 or 20 min at 37°C and then fixed, permeabilized and labeled them with anti-rabbit IgG conjugated to Cy2. Immunofluorescent micrographs obtained by spinning disc confocal microscopy and quantitative analysis of immunofluorescence intensity showed that similar amounts of mGPR17-WT and mGPR17-SELA were detected on the cell surface after labeling at 4°C, i.e. when internalization is blocked ( Fig. 2A , E, I). Upon activation with UDP-glucose, both receptors were internalized in endocytic compartments, as revealed by the distribution of antibodylabeled receptors in vesicles detected mainly at the perinuclear region of cells ( Fig. 2B, F) . These results are consistent with our previous data showing that endogenous GPR17 is rapidly internalized upon stimulation and colocalize with markers of endocytic pathway . Moreover, after agonist removal receptors are sorted in the endocytic compartment and partially directed to lysosomes for degradation whereas a fraction is sorted in a Rab4-positive compartment for plasma membrane recycling . In line with these data, 10 or 20 min after UDP-glucose removal a decrease in mGPR17-WT intracellular immunostaining was observed in transfected HEK293 cells (Fig. 2C, D, L) . Conversely, ~30% more mGPR17-SELA than mGPR17-WT was still retained within the cells ( Fig. 2G , H, L), thus suggesting that mutation of the PDZ motif disrupted the endocytic trafficking of GPR17.
To amplify GPR17 staining, we transfected FLAG-tagged isoforms of human GPR17 (FLAG-hGPR17) -WT or -SELA into HEK293 cells. In these experiments, we followed the internalization and intracellular fate of FLAG-hGPR17 by in vivo labeling with a mouse antibody directed against the FLAG-epitope, which increases the sensitivity of the staining procedure with respect to the áNt-GPR17 antibody. As shown in Figure 3 , agonist treatment led to a pronounced redistribution of both antibodylabeled FLAG-hGPR17-WT and FLAG-hGPR17-SELA from the plasma membrane to intracellular puncta (indicating ligand-induced endocytosis), but 15 min after agonist removal FLAG-hGPR17-SELA exhibited greater immunoreactivity inside the cells compared with WT-labeled receptors. In addition, thanks to the higher sensitivity of the anti-FLAG-antibody, re-distribution of FLAG-labeled receptors from the intracellular compartment to the cell surface ( Fig. 3 arrows) was also detected, suggesting a more efficient recycling of wild-type compared with mutant GPR17. Taken together, these findings indicate that the PDZ-binding motif is functionally required for GPR17 endocytic trafficking and plasma membrane recycling through interactions with PDZ domain-containing proteins to be identified.
SNX27 directly interacts with the PDZ-binding motif of GPR17 and is required for receptor recycling to the cell surface
On the basis of above data suggesting that recycling of GPR17 is affected by disruption of its PDZ-binding motif, we focused our attention on PDZ domain-containing proteins. We chose SNX27 since it is specifically required for plasma membrane recycling of a number of receptors (Lunn et al., 2007; Lauffer et al., 2010; Balana et al., 2011; Temkin et al., 2011; Steinberg et al., 2013; Loo et al., 2014) . In addition we analyzed the possible interaction of GPR17 with NHERF1 that has been reported to affect the trafficking of purinergic receptors, including the P2Y 12 subtype (Nisar et al., 2012; see Introduction) .
Double-immunolabeling of Oli-neu and primary OPC cultures with polyclonal antibodies directed against NHERF1 or SNX27 and NG2 or Olig2 demonstrated that both proteins are expressed in cells of the OL lineage (Supp. Info. Fig. 3 ). In Oli-neu cells, NHERF1 immunostaining was associated with the plasma membrane, as demonstrated by colocalization with NG2, and appeared to be concentrated in filopodia/microvilli. This distribution was similar to that observed in HEK293 cells, and in primary OPCs (Supp. Info. Fig. 3A, B , D) and is consistent with data showing that NHERF proteins interact with the ezrin/radixin/moesin (ERM) family of actin-binding proteins (Reczek et al., 1997; Terawaki et al., 2006) . Immunostaining for SNX27 in Oli-neu cells and differentiating OPCs was detected in dot-like structures scattered throughout the cytoplasm (Supp. Info. Fig. 3E; Fig. 4F, G) , as previously observed in other cell types (Cai et al., 2011) . Accordingly, Western blot analysis confirmed the expression of NHERF1 and SNX27 proteins in Oli-neu extracts (see Fig. 4C ).
To assess whether NHERF1 and SNX27 interact with the GPR17 PDZ-binding motif, Oli-neu cell lysates were incubated with Sepharose beads conjugated to either a peptide of 19 amino acids corresponding to the C-terminal end of GPR17 and containing the PDZ-binding motif (CT, Fig. 4A ) or to a similar peptide lacking the PDZ-binding motif (∆CT, Fig. 4A ). After incubation and extensive washing, the bound proteins were eluted and analyzed by means of Western blotting. Results indicated that neither peptide could isolate detectable amounts of NHERF1, whereas CT isolated at least 10 times more SNX27 than ∆CT (Fig. 4B, C) . Additionally, His-SNX27 purified from BL21DE3 E. coli lysates ( Fig. 4D ) specifically bound to CT but not to the AECT peptide, thus demonstrating that SNX27 directly interacts with GPR17. To precisely characterize SNX27 and GPR17 interaction, we mutagenized histidine 114 that is part of the PDZ domain of human SNX27, into an alanine. This point mutation in the á helix of the SNX27-PDZ domain is predicted to disrupt a critical hydrogen bond with the serine/threonine residue located at the -2 position of a PDZ-interacting motif (Lauffer et al., 2010) . Notably, only His-SNX27 (WT) but not His-SNX27 H114A (H/A) from BL21DE3 E. coli extracts bound to the CT peptide ( Fig. 4E ). Taken together, these observations demonstrate that the PDZ domain of SNX27 specifically interacts with the C-terminal PDZ-binding motif of GPR17.
Next, we analyzed whether GPR17 colocalizes with SNX27 in the recycling endosomes after endocytosis. To achieve this goal, Oli-neu cells ( Fig. 4F ) or rat primary OPCs (Fig. 4G ) were incubated in CM (neuron-conditioned medium; or neurobasal medium , respectively, to stimulate cell differentiation and GPR17 expression. After 48 h, cells were labeled in vivo at 4°C with áNt-GPR17 or áNt-rGPR17, respectively, stimulated for 30 minutes at 37°C with UDP-glucose, and then incubated for 10 min in the absence of the agonist. After acid washing, cells were fixed and double-immunolabeled with a goat anti-SNX27 antibody (followed by an anti-goat IgG antibody) and an anti-rabbit IgG to detect the internalized receptors. Spinning disc confocal microscopy analysis clearly showed that endogenous GPR17 colocalized with SNX27 in a number of vesicles scattered in the cytoplasm (Fig. 4F, G) . Moreover, in line with our previous data showing that an aliquot of GPR17 undergoes to constitutive endocytosis , we found that GPR17 still colocalized with SNX27 in a number of endocytic vesicles after internalization in the absence of agoniststimulation (Supp. Info. Fig. 4 ). Altogether these data confirm the interaction between GPR17 and SNX27 in native in vitro systems.
It has been reported that SNX27 knock-down, while abolishing receptor recycling to the plasma membrane, can increase sorting of internalized receptors to degradative compartments, such as lysosomes and the proteasome (Lauffer et al., 2010; . To test whether SNX27 downregulation also promotes GPR17 degradation, we silenced SNX27 in Oli-neu cells by RNA interference and analyzed the levels of expression of endogenous GPR17. In preliminary experiments, four distinct shRNAs targeting different regions of SNX27 mRNA and expressing GFP (utilized as reporter marker of transfection in fluorescence or Western blot analysis) were transfected into Oli-neu cells. Twenty-four hours after transfection, cells were incubated in CM medium to promote GPR17 expression and differentiation, as described above. Evaluation of the percentage of cells expressing GPR17 demonstrated that, after 48 h in differentiating conditions, more than 70% of the whole cell culture expressed the receptor (Supp. Info. Fig. 5 ). We therefore decided to collect cell lysates at this time point. Western blot analysis revealed that shRNA-3 (referred to as shRNA-SNX27) was the most effective in knocking down SNX27, whose levels were reduced to 33.36±14.44% when compared to cells transfected with scrambled shRNA (shRNA-Scr; Fig. 5A ). Thus, this plasmid was used in all of the subsequent experiments. Western blot analysis of cell lysates showed that the amount of GPR17 was significantly reduced (to 49.20±8.64%) in the SNX27-silenced Oli-neu cells in comparison to cells that were transfected with scrambled shRNA. The effect of SNX27 silencing on GPR17 appeared to be specific, as cytoskeletal (actin), Golgi-membrane associated (GS28) proteins or plasma membrane cadherins (i.e. proteins that may also undergo recycling after endocytosis but do not contain PDZ-binding motifs, Le et al., 1999) were unaffected (Fig. 5A ). In line with data showing that SNX27 knockdown increases the delivery of target proteins to lysosomes (Lauffer et al., 2010; , we found that levels of GPR17 in SNX27 silenced Oli-neu were partially rescued by treatment with the lysosomal inhibitor NH 4 Cl, thus indicating an accelerated rate of receptor degradation after SNX27 knock-down ( Fig. 5B ) due to alterations in receptor recycling to the plasma-membrane.
To further demonstrate that SNX27 knock-down causes defective GPR17 recycling, we followed its trafficking in SNX27-silenced cells. Due to the low levels of endogenous GPR17 in Oli-neu cells after SNX27 silencing, the trafficking of endogenous receptors could not be investigated efficiently. To overcome this problem, we cotransfected Oli-neu cells with scrambled shRNA or shRNA-SNX27 together with a plasmid encoding FLAG-hGPR17-WT and followed the trafficking of over-expressed hGPR17 after in vivo labeling with an anti-FLAG antibody (see also above). After receptor immunolabeling at 4°C, stimulation with agonist followed by glycine buffer washing to strip antibodies from receptors still exposed on the cell surface, and agonist removal to promote receptor recycling, cells were fixed and double-immunolabeled with anti-mouse IgG antibody (to detected hGPR17-FLAG) and an antibody against NG2 (to decorate cell membrane). Immunofluorescence micrographs were acquired using a spinning disc confocal microscope, and cells expressing similar amounts of the GFP fluorescent marker were acquired and subjected to quantitative analysis ( Figs. 6 and 7) . A similar GPR17 immunoreactivity was detected in shRNA-Scr-and shRNA-SNX27-transfected cells after UDP-glucose stimulation, with agonist-induced receptor internalization. However, after agonist removal a lower fraction of the receptor was recycled to the cell surface in SNX27-silenced cells, as demonstrated by the absence of colocalization with NG2 ( Fig. 6, right column) . A quantitative analysis of GPR17 immunoreactivity detected inside of the cells (intracellular) or on the cell surface (membrane) is shown in Figure 7 . Data are expressed as percentage of total immunoreactivity (i.e., the sum of intracellular and membrane immunolabeling set to 100%) at time 0 (i.e, agonist stimulation, followed by glycine washing) or 10 min after agonist removal. Results demonstrate that at time 0 the majority of GPR17 immunostaining is detected intracellularly in both cells transfected with shRNA-Scr and in cells transfected with shRNA-SNX27. Conversely, 10 min after UDP-glucose removal a significant increase in receptor staining on the membrane of shRNA-Scr-transfected cells was observed, whereas GPR17 was retained intracellularly in SNX27-silenced cultures. Taken together, these data confirm that SNX27 knock-down impaired the plasma membrane recycling of GPR17.
Loss of SNX27 accelerates OL differentiation
On the basis of these results, and given the role of GPR17 in OPC differentiation, we investigated whether SNX27 down-regulation alters the processes underlying OL differentiation by analyzing the expression of myelin proteins in Oli-neu after shRNA transfection (Fig. 8) . Oli-neu cells represent a wellcharacterized in vitro model to investigate OL differentiation . As shown above, when maintained in Sato medium, undifferentiated Oli-neu cells express very low levels of GPR17 and almost no myelin proteins (Supp. Info. Fig. 5 ; . After incubation in CM Oli-neu begin to express GPR17 and differentiate towards a more mature phenotype, as shown by the appearance of MBP + cells, with almost 70% and approximately 90% of the cell population expressing GPR17 at 48 and 72 h of differentiation, respectively (Supp. Info. Fig. 5 and . At later times (96-120 h) cells expressing MBP strongly increase in number, with a parallel decline in the number of GPR17 + cells  data not shown). Based on these data, we chose to compare the expression of GPR17 and myelin proteins in shRNA-Scr or shRNA-SNX27 transfected cells 48 h after differentiation in CM, corresponding to high GPR17 expression paralleled by low levels of MBP.
At this time point, confocal microscopy analysis of shRNA-Scr-trasfected Oli-neu (identified by their GFP expression) showed that these cells expressed high levels of GPR17 and did not coexpress the myelin proteins MAG and MBP (Fig. 8A, a-b'' ), in line with results shown for untransfected Oli-neu (Supp. Info. Fig. 5 ; . In contrast, a significant increase in both MAG and MBP expression was detected in shRNA-SNX27-transfected cells, in which GPR17 was down-regulated ( Fig.  8A, c-d'' ). Specifically, 33.6±2.57% of the transfected GFP + cells were MBP + in SNX27-silenced Olineu compared to 12±2.86% positive cells in shRNA-Scr-trasfected Oli-neu ( Fig. 8B ). Immunoblotting analysis confirmed these data by demonstrating a 4-fold higher expression level of the myelin protein MAG in SNX27-silenced cells compared to shRNA-Scr-trasfected cells (Fig. 8C ). Taken together, these findings demonstrate that loss of SNX27 in differentiating Oli-neu cells does not only down-regulate GPR17 expression, but also accelerates cell differentiation towards fully myelinating phenotypes.
We further investigated the effects of SNX27 knock-down on cell differentiation using primary mouse OPC cultures. Immunoblotting analysis confirmed that SNX27 silencing resulted in a significant down-regulation of GPR17 (69.77±8.39) compared to control (Fig. 8D ). Furthermore, a quantitative analysis of immunolabeled OPCs using confocal microscopy revealed an increasing trend in the number of mature MAG + OLs in shRNA-SNX27-transfected cultures compared with shRNA-Scr-transfected cells (Fig. 8D) . Overall, these data confirm that SNX27 knock-down affects GPR17 expression and the timing of OL maturation also in OPCs that natively express the receptor. To shed light on the possible molecular mechanisms underlying SNX27 effects on OL differentiation, we analyzed the Id2 (Inhibitor of DNA binding 2) and mTOR (mammalian Target of Rapamycin)/GRK2 (G protein-coupled receptor kinase 2) pathways, which have been demonstrated to control both OL differentiation and GPR17 expression (Chen et al., 2009; Tyler et al., 2011; Mitew et al., 2014; Fumagalli et al., 2015) . Id2 localization to the nuclear and cytoplasmic compartments was analyzed by Western blotting analysis in shRNA-Scr-and shRNA-SNX27-transfected Oli-neu cells. As shown in Fig. 8E , a partial relocalization of Id2 from the nucleus to the cytoplasm was observed in SNX27-silenced (23.48±5.53% nuclear; 76.93±5.94% cytosolic) compared to shRNA-Scr transfected Oli-neu cells (44.77±0.70% nuclear; 55.23±0.71% cytosolic; n=2 independent experiments). Conversely, no major changes in the expression of GRK2 or in the phosphorylation state of mTOR were observed (Supp. Info. Fig. 6 ).
Reduced SNX27 levels in the brains of mice modeling Down syndrome correlate with defects in OL maturation and myelination pattern
Based on data in the literature showing SNX27 down-regulation followed by degradation of AMPA/NMDA receptors in DS brains , we deemed it interesting to investigate whether GPR17 could be altered in the brains of 45-day-old Ts65Dn mice (a wellcharacterized model of human trisomy 21; Reeves et al., 1995) and age-matched euploid mice. Firstly we demonstrated that, in line with literature data , SNX27 expression was significantly lower in brain lysates from Ts65Dn mice than in lysates from euploid animals (Supp. Info. Fig. 7) . We next evaluated the expression of the transcription factor Olig2, a master regulator of OL development and one of the trisomic genes in DS (Mitew et al., 2014) . Our analyses in coronal sections of brain hemispheres of 45-day-old mice revealed a significant increase in Ts65Dn mice of the total number of Olig2-expressing cells, with 105.32±4.88 and 133.31±8.95 Olig2 + cells/optical field (mean of 6-7 brain slices from 4 independent animals; **P<0.01, unpaired two-tailed Student's t-test) counted in euploid and Ts65Dn brain slices, respectively. GPR17 + cells represent a subpopulation of OPCs, as demonstrated by their typical morphology and colocalization with Olig2 ( Fig. 9A ; . Notably, we found that Ts65Dn mice showed a significant reduction in the number of GPR17-expressing cells, both in the whole hemisphere and in the cortex and thalamus, with a trend in the hippocampus (Fig. 9A, B) .
We next analyzed the expression of markers of advanced OL maturation. Interestingly, a significant increase in the number of OLs expressing CC1, a typical marker of advanced stages of maturation (Luo et al., 2014; Sachs et al., 2014) , was observed in the whole brain hemisphere of Ts65Dn mice (Fig. 9C, D left) , and in all the analyzed brain areas (Fig. 9D, right) . This is in agreement with our in vitro data showing accelerated OPC maturation following SNX27 and GPR17 down-regulation.
To reconcile these results with previous data showing hypo-(and not hyper-) myelination in human trisomic brains (Abraham et al., 2012) , we also evaluated the expression of GSTp and of MBP, which in vivo are expressed by fully myelinating OLs at more mature terminal stages of differentiation with respect to CC1 Viganò et al., 2016) . A significant reduction in the number of GSTp-expressing OLs was observed in Ts65Dn mice (Fig. 10A, B ), suggesting myelination defects in DS brains. In the case of MBP, protein expression was evaluated in the grey matter (i.e., selected areas of cortex and corpus striatum; Fig. 11 ) and in the corpus callosum (Supp. Info. Fig. 8 ) by densitometric analysis after immunohistochemistry. These analyses clearly demonstrated a significant decrease of MBP immunoreactivity in the grey matter of brains from Ts65Dn mice compared to euploid brains (with a reduction of 28% and 35%, in the cortex and corpus striatum, respectively; 6 slices from 3 mice/genotype). A similar reduction was observed in the corpus callosum of Ts65Dn mice (Supp. Info. Fig. 8 ). Results were confirmed by Western blotting analysis, showing a reduction in the two major isoforms of MBP in brain lysates of Ts65Dn compared to euploids (45% and 55% reduction for the protein bands at 14 kDa and 18.5/17kDa, respectively).
Overall, data in Ts65Dn brains suggest that GPR17 down-regulation, possibly linked to the reduced SNX27 expression, is accompanied by an accelerated maturation of OPCs towards more mature CC1 + OLs. Nevertheless, these CC1 + cells cannot reach terminal maturation, possibly due to the reduced number of axons to be myelinated, leading to an overall reduced myelin content that could further contribute to the intellectual and motor deficits of these mice.
DISCUSSION
In vivo and in vitro studies have shown that GPR17 expression affects the timing of OL maturation. After the stage of immature OLs, GPR17 down-regulation triggers the differentiation of OLs toward more mature phenotypes, whereas its sustained, forced expression inhibits their terminal maturation (Chen et al., 2009; Fumagalli et al., 2015 and refs. therein) . Stringent regulation of GPR17 expression is therefore important in controlling OL differentiation and myelination. In addition to transcriptional and post-transcriptional controls, GPR17 regulation at the post-translational level by intracellular trafficking and degradation may also cooperate in modulating its expression and, in turn, OPC maturation. In this respect, a number of findings highlight the importance of endocytosis in regulating signal transduction during development and cell differentiation. For example, following activation by Wnt-ligands, Frizzled is internalized (and subsequently degraded) via a clathrin-mediated pathway, and alterations in this process induce aberrant embryonic development (Piddini et al., 2005; Rives et al., 2006; Seto and Bellen, 2006; Yu et al., 2007) . Erythropoietin receptor endocytosis and its subsequent sorting into degradative compartments has been shown to be a prerequisite for the completion of erythrocyte differentiation, suggesting that receptor down-regulation via lysosomal degradation is necessary to allow the progression of cells toward terminal maturation (Walrafen et al., 2005) . Our previous data showed that after endocytosis GPR17 is partially degraded or recycled to the plasma membrane . The mechanisms underlying sorting of receptors into recycling endosomes play an important role in preserving the number of receptors exposed to the cell surface, which in turn, obviously impacts on receptor function.
To further understand these mechanisms and their role in OL differentiation in physiological conditions, as well as in diseases that are associated with dysregulated myelination, in the present study we investigated the trafficking of GPR17 endocytosis by focusing our attention on a putative PDZbinding motif in the C-terminal region of the receptor and on its possible interactors. Our findings show that: i) mutations of the GPR17 PDZ-binding motif impair receptor trafficking and recycling to the plasma membrane; ii) SNX27, a member of the retromer complex involved in protein trafficking from early endosomes back to the plasma membrane (Temkin et al., 2011; Steinberg et al., 2013; McGough et al., 2014) , interacts with the C-terminal domain of GPR17 and is required for its recycling; iii) silencing of SNX27 significantly increases GPR17 degradation, and this correlates with increased expression of the myelin proteins MAG and MBP and with accelerated OL differentiation in vitro. In agreement with these data, the number of GPR17-expressing cells was greatly diminished in parallel with an increased number of mature CC1 + OLs in the post-natal brains of Ts65Dn mice, a mouse model of DS exhibiting decreased levels of SNX27 by the expression of trisomic mir-155 . On the other hand our findings reveal that myelination is decreased in Ts65Dn mice, in line with previous data showing hypomyelination in human DS brains (Abraham et al., 2012 ; see also below). Altogether these data highlight a previously unknown role for SNX27 in GPR17 trafficking and OL differentiation. Whereas a great number of studies has reported a role of SNX27 in controlling glutamate receptor and ion channel expression with important implications in synaptic transmission (Balana et al., 2011; Wang et al., , 2014 Hussain et al., 2014; Loo et al., 2014; Munoz and Slesinger, 2014; Damseh et al., 2015) , very few data are available on the physiological and pathological functions of SNX27 in other cell types (Singh et al., 2015) . Thus, these findings extend our knowledge on the physiological functions modulated by SNX27 and, for the first time, indicate a crucial role for this protein in OL development.
SNX27 is required for GPR17 recycling and stability
After agonist activation, GPR17 is rapidly phosphorylated by G protein-coupled receptor kinases, binds to arrestins, undergoes clathrin-dependent endocytosis Hennen et al., 2013; Daniele et al., 2014; Fumagalli et al., 2015) and is finally delivered to either lysosomes for degradation or to a Rab4-positive compartment for recycling to the cell surface . Here, we demonstrate that the PDZ-binding motif at the C-terminus of GPR17 is required for its endocytic trafficking. Human or mouse GPR17 constructs carrying mutations that alter the PDZ-binding motif sequence are retained in endocytic vesicles not because of a defect in plasma membrane localization or endocytosis (as revealed by the analysis of receptor internalization after UDP-glucose treatment), but owing to the inhibition of cell surface recycling. Approximately 30% more mGPR17-SELA than wildtype receptor was retained intracellularly after agonist stimulation, which is consistent with our previous finding that ~30% of internalized endogenous GPR17 is recycled to the plasma membrane after UDPglucose removal . Moreover, while wild-type FLAG-hGPR17 can be re-exposed at the cell surface 15 min after agonist removal, receptors carrying mutations in the C-terminal domain are not.
In our search for interactors, we found that the PDZ-binding motif of GPR17 interacts with SNX27. A substantial amount of experimental evidences supports our conclusions. First, our in vitro data show that SNX27 specifically binds to the intact C-terminal domain of GPR17. Additionally, a point mutation disrupting the PDZ ligand association form of SNX27 abolishes the binding of SNX27 to the PDZ binding motif of GPR17. In agreement with the biochemical data, we found that internalized GPR17 colocalizes with SNX27 not only after agonist stimulation, but also after constitutive endocytosis; SNX27 is normally recruited by early endosomes and retromer tubules that also contain Rab4 (Lauffer et al., 2010; Temkin et al., 2011; Steinberg et al., 2013) . Notably, Rab4-positive compartments are known to be involved in the rapid recycling of GPR17 to the plasma membrane . The functional relevance of this interaction was supported by the observation that wild-type GPR17 was retained in endocytic vesicles after SNX27 knock-down in a similar manner to the GPR17 mutants lacking a functional PDZ-binding motif. Overall, these findings indicate that SNX27 plays an important role in GPR17 recycling, a conclusion that is also supported by the observation that SNX27 knock-down alters the stability of GPR17.
SNX27 is crucial for preserving GPR17 levels and the timing of myelin protein expression
SNX27 is therefore essential for preventing lysosomal degradation and maintaining the correct levels of GPR17 in OLs during differentiation. Loss of SNX27 affects the onset of maturation insofar as SNX27 down-regulation induces OLs to express larger amounts of the myelin proteins MAG and MBP earlier than cells with normal SNX27 levels. These effects on myelin proteins could be linked to the decreased levels of GPR17, as it has been shown to modulate OL differentiation via a mechanism which involves nuclear accumulation of Id2, which, when accumulated in the nucleus, can sequester Olig1/Olig2, thus blocking MBP expression and OL maturation (Mitew et al., 2014) . Conversely, when Id2 is mostly localized to the cytoplasm, Olig1/Olig2 promote the expression of myelin proteins, and stimulate immature OL to proceed towards a mature phenotype. Interestingly, we found that Id2 is enriched in the cytoplasm of Oli-neu cells following SNX27 down-regulation, thus suggesting a contribution of this signaling pathway to the observed effects in OL maturation. Conversely, the mTOR pathway that is known to increase GPR17 desensitization via down-regulation of GRK2 (Fumagalli et al., 2015) is not affected by SNX27 knock-down. Globally, these results are consistent with previous findings showing that the down-regulation of GPR17 is required for myelin protein expression and complete OL differentiation, while its sustained over-expression, a condition that is also observed in demyelinating lesions in the central nervous system, inhibits OL maturation (Chen et al., 2009) . Moreover, our data suggest that SNX27 may affect OL maturation by controlling GPR17 recycling to the plasma membrane. However, several studies have reported that SNX27 may interact with a number of plasma membrane receptors and ion channels (Steinberg et al., 2013; , including the AMPA receptor GluR1/GluR2 subunits and the NMDA receptor NR1/NR2 subunits that are expressed not only in neurons, but at lower levels also in cells of the OL lineage (Hossain et al., 2014; Li et al., 2013) . On this basis, we cannot rule out that other molecules might be affected by SNX27 silencing as well, and contribute to the observed impairment of myelin protein expression. Further studies will be needed to explore this possibility. Our in vitro findings may have implications in case of diseases caused by abnormal GPR17 expression and signaling such as multiple sclerosis (Chen et al., 2009) , where disruption of the interaction between the SNX27 PDZ domain and the PDZ-binding motif of GPR17 may contribute to disease development. In this respect, it has been previously suggested that Dishevelled, a small molecule disruptor of PDZ domain interactions, and an essential effector protein in the Wnt signaling pathway, may be therapeutically useful in prostate cancer (Grandy et al., 2009 ). Moreover, it has been shown that variants of a number of receptors or scaffold proteins carrying polymorphisms within or near either the PDZ domain or the PDZ-binding motif are pathologically relevant in autism, Usher syndrome, and patients predisposed to mild bleeding (Kalay et al., 2005; Mejias et al., 2011; Nisar et al., 2012) .
In vivo role of SNX27: what we can learn from a model of Down syndrome
Finally, we decided to explore OL differentiation and myelination in a pathological setting in which SNX27 levels are affected. A number of studies have demonstrated that dysfunctional members of the retromer complexes that regulate endosomal sorting (including the vacuolar protein sorting-family and other core components, such as VPS35 and VPS26) are risk factors for neurodegenerative diseases, including Alzheimer's and Parkinson's diseases (Small et al., 2005; Vilariño-Güell et al., 2011; Zimprich et al., 2011) and frontotemporal lobar degeneration (Hu et al., 2010) . No mutations in the PDZ-binding motif of GPR17 have been reported yet. However, a mutation/deletion in the SNX27 gene has recently been found in a patient with epilepsy and neurodegeneration (Damseh et al., 2015) . Furthermore, showed that triplication of the miR-155 gene and its over-expression in trisomic brains impaired the synthesis of the C/EBPβ transcription factor required for SNX27 expression and that increased levels of miR-155 reduced the expression of SNX27. Notably, down-regulation of SNX27, in turn, caused significant endocytic mis-sorting and down-regulation of glutamate receptors in DS brains. Therefore, we thought it interesting to investigate whether GPR17 expression was perturbed in Ts65Dn mice, and indeed detected fewer GPR17 + cells in some regions of Ts65Dn brains compared to control. The counterpart of this reduction was an increase in the number of CC1 + OLs in various brain regions. These cells are mature, but not fully myelinating OLs Viganò et al., 2016) . In fact, despite the increased number of CC1 + OLs, we found a reduced number of GSTπ + cells (i.e. fully myelinating OLs), paralleled by reduced levels of MBP, suggesting impairment in the myelination process in Ts65Dn mice.
Recent evidence has suggested myelination defects in human trisomic brains (Abraham et al., 2012) . Consistently, children with DS exhibit subnormal conduction velocity in peripheral nerves (Brandt and Rosén, 1995) , prolonged latencies of somatosensory evoked potentials (Chen and Fang, 2005) and slower interhemispheric transmission (Heath et al., 2007) . Myelination implies a high degree of specificity and is regulated by the axon size, repulsive and permissive signals (Simons and Lyons, 2013) , neuronal electrical activity and axonal release of neurotransmitters such as adenosine and glutamate that foster the local synthesis of myelin proteins at the very sites of axon-OPC physical contacts (Stevens et al., 2002; Wake et al., 2011) . It should be noted that the DS brain is characterized by a reduced number of neurons (Contestabile et al., 2007; Guidi et al., 2008; Guidi et al., 2011) , and therefore of axonal targets. It remains to be established whether the reduced number of myelinating GSTπ + cells and the defective MBP expression observed in the Ts65Dn mouse model are due to trisomy-linked alteration in the differentiation program leading from CC1 + to GSTπ + OLs (fully myelinating cells) or whether they are linked to the overall reduced number of neurons with a consequent reduction of axonal targets. In addition, DS pathology is the result of a complex genetic background leading to the altered expression of many different genes that may contribute to the resulting phenotype. Therefore, we cannot exclude that other mechanisms may intervene to induce the myelination defects observed in animal models and in patients.
Conclusions
Taken together, our data reveal, for the first time, a crucial role of SNX27 in modulating GPR17 levels by means of a post-translational mechanism and highlights the relationship between the trafficking of the receptor through the endomembrane system and OL differentiation. We additionally provide novel evidence of impairment of GPR17 expression and OL maturation in a mouse model of DS that is characterized by SNX27 down-regulation. This suggests that myelination defects may contribute to the brain functional alterations that characterize the trisomic condition and, possibly, other pathologies characterized by impairment of the SNX27-GPR17 system. University of Milan. MB was a fellow of the Fratelli Confalonieri Foundation and is currently a fellow of the Umberto Veronesi Foundation.
FIGURE LEGENDS
Figure 1. GPR17 with a PDZ binding motif mutation is mis-sorted.
Representative immunofluorescence micrographs showing HEK293 cells transfected with mGPR17-WT (WT, a-b") or mGPR17-SELA (SELA, c-d") . To label receptors exposed to the cell surface and track their fate, cells were incubated at 37°C with the áNt-GPR17 antibody before fixation, and double-labeled with anti-rabbit IgG conjugated to Cy3 to reveal GPR17 (a', b', c', d') and monoclonal anti-cadherin antibody (Cadh, a", c") or transferrin receptor (TfR, b", d") to stain plasma membrane and endocytic vesicles, respectively. Merged images are shown in a, b, c, d. While mGPR17-WT is mainly expressed on the cell surface (arrows in a-a"), mGPR17-SELA is internalized in vesicles and partially colocalizes with TfR, a marker of recycling endosomes (arrows in d-d"). Scale Bars: 10 ìm.
Figure 2. mGPR17-SELA is retained intracellularly after internalization.
A, E Representative immunofluorescence micrographs showing surface GPR17 labeling of HEK293 cells with affinity-purified áNt-GPR17 after transfection with either mGPR17-WT or mGPR17-SELA. B, F Representative immunofluorescence micrographs showing internalization of GPR17-WT or SELA. Upon stimulation with 100 ìM UDP-glucose, the cells were washed with glycine buffer (pH 2.8) to remove antibodies bound to the remaining cell surface-exposed receptors, and then fixed (0 min). C, D, G, H Representative immunofluorescence micrographs showing that more mGPR17-SELA than WT receptors are retained intracellularly following agonist removal for 10 or 20 min. Scale bar: 10 ìm. I Quantitative analysis of the intensity of GPR17 immunoreactivity detected on the cell surface before stimulation, as determined using ImageJ software. The values are expressed as arbitrary units and represent the mean value ± s.e.m.; n=10 cells transfected with GPR17-WT and 12 cells transfected with GPR17-SELA. L Quantitative analysis of the intensity of GPR17 immunoreactivity in the cells at 0, 10 and 20 min after agonist removal. The data are expressed as the percentage of immunoreactivity detected after agonist-induced internalization (time 0 = 100%) and are the mean values ± s.e.m. detected in 93 (0 min), 79 (10 min), and 104 (20 min) GPR17-WT transfected cells or 113 (0 min), 110 (20 min) and 98 (20 min) GPR17-SELA transfected cells, respectively. ***P=0.0007; **P=0.0051 (unpaired two-tailed Student's t-test). Representative micrographs recorded before, immediately after UDP-glucose stimulation or 15 min after UDP-glucose removal showing that FLAG-hGPR17-WT is returned to the plasma membrane (arrows) after agonist removal while FLAG-hGPR17-SELA is mainly retained in intracellular dot-like structures (arrow-heads). HEK293 cells expressing FLAG-hGPR17-WT or FLAG-hGPR17-SELA were incubated in vivo with a mouse anti-FLAG antibody (red) before agonist stimulation. DAPI nuclear labeling is shown in blue. Scale bar: 10 µm.
Figure 4. GPR17 interacts with SNX27 in vitro and is recruited into SNX27-positive endosomes after internalization.
A Schematic view of peptides corresponding to the C-terminal tail of GPR17 with (CT) or without the PDZ-binding motif (∆CT) conjugated to Sepharose 4B used in the pull-down experiments. B, C Endogenous SNX27, but not NHERF, is specifically recovered by the PDZ-binding motif of GPR17. CT or ∆CT beads (20 µl) were incubated with Oli-neu cell lysates (500 µg of proteins). Proteins eluted from the Sepharose matrices and aliquots of total lysates (30 µg of proteins, Lys) were analyzed after being transferred to nitrocellulose filters by Ponceau staining (B) followed by immunolabeling with antibodies against NHERF or SNX27. Blots representative of three independent experiments are shown (C). D, E The PDZ domain of SNX27 directly interacts with the PDZ-binding motif of GPR17. CT or ∆CT beads (20 µl) were incubated with purified His-49 SNX27 (D) or lysates from BL21DE3 expressing wild-type His-SNX27 (WT) or His-SNX27 harboring a point mutation in the PDZ domain (H/A) (E). Proteins eluted from the Sepharose matrices and aliquots of bacterial lysates were analyzed by Western blotting. In D and E, blots representative of three independent experiments are shown. F, G Representative immunofluorescence micrographs showing colocalization of SNX27 with endogenous GPR17 after internalization. Oli-neu cells (F) and primary OPC cultures (G) exposed for 48 h to CM or neurobasal medium, respectively, to foster cell differentiation and GPR17 expression, were incubated at 4 °C with affinity-purified áNt-rGPR17 antibody and then stimulated with 100 ìM UDP-glucose. Ten minutes after agonist removal, the cells were washed with glycine, to remove labeling from plasma membrane receptors, fixed and double-immunostained with an anti-rabbit IgG conjugated to Cy3 to detect GPR17, and a goat polyclonal antibody against SNX27 revealed by staining with an anti-goat biotin-conjugated IgG antibody followed by streptavidin-fluorescein. Merged images are shown in F, f and G, g. Note that GPR17 partially colocalizes with SNX27 in vesicles scattered in the cytoplasm (arrows in f-f", g-g").
Scale bars: F and G = 5 µm; f-g" = 1 µm.
Figure 5. SNX27 knock-down affects the stability of GPR17.
A Oli-neu cells were transfected with either shRNA-Scr or shRNA-SNX27 vectors carrying GFP. After 24 h, cells were shifted to CM and incubated for additional 48 h in order to obtain significant silencing of SNX27, to concomitantly allow cell differentiation and to promote the endogenous expression of GPR17. Equal amounts (40 µg) of cell lysates were analyzed by Western blotting. Blots representative of three independent experiments are shown. For quantitative analysis, the signal intensity of the different proteins was standardized to the signal intensity of actin and expressed as a percentage of the amount of protein detected in shRNA-Scr samples (control, set to 100%). Mean values ± s.e.m., n = 3; *P=0.011, **P=0.0042 (unpaired two-tailed Student's t-test). B Analysis of GPR17 degradation after addition of the lysosomal inhibitor NH 4 Cl in Oli-neu cells expressing shRNA-Scr or shRNA-SNX27.
Cells were pre-incubated for 1 h with cycloheximide (500 μM) and 30 min with UDP-glucose (100 µM), followed by 30 min of recycling in the presence (+) or absence (−) of NH 4 Cl (20 mM). Mean values ± s.e.m., n = 3 are indicated; P values were calculated using one-way ANOVA with the Tukey test: *P<0.05; *** P<0.001.
Figure 6. SNX27 knock-down impairs the plasma membrane recycling of GPR17.
Representative immunofluorescence micrographs showing Oli-neu cells co-transfected with plasmids encoding for FLAG-hGPR17 and shRNA-Scr (a-c'') or shRNA-SNX27 (d-f''). Cells were fixed after labeling at 4°C with the anti-FLAG antibody (a-a'', d-d''), and after subsequent incubation with UDP-glucose followed by glycine washing (UDP-Gluc stim, time 0 min; b-b'', e-e''), or after agonist removal (UDP-Gluc removal, time 10 min; c-c'', f-f''). Cells were then double-immunolabeled with anti-mouse IgG conjugated to Cy3 to detect FLAG-hGPR17, and with an antibody against NG2 to decorate plasma membranes. FLAG-hGPR17 recycled to the plasma membrane in shRNA-Scrtransfected cells (arrows in c-c'') whereas receptor recycling is impaired in SNX27-silenced cultures. Cells with similar GFP intensity were acquired and subjected to quantitative analysis (see Fig. 7 ). Scale bar = 10 µm. The intensity of anti-FLAG immunoreactivity (corresponding to GPR17 receptor, see Fig. 6 ) in the cytoplasm and on the plasma membrane of transfected Oli-neu cells was determined immediately after internalization (time 0 min after UDP-Gluc removal) or 10 min after agonist removal using ImageJ software. Data are expressed as the percentage of total immunoreactivity (i.e., plasma membrane plus intracellular staining set to 100%) at each selected time points and are the mean ± s.e.m. of 25 to 32 cells analyzed for each condition from two independent experiments (***P<0.0001, unpaired two-tailed Student's t-test).
Figure 8. SNX27 knock-down accelerates OL differentiation.
A Oli-neu cells were transfected with either shRNA-Scr or shRNA-SNX27 vectors carrying GFP. After 24 h, cells were shifted to CM and incubated for additional 48 h to promote differentiation and endogenous GPR17 expression. Cells were then fixed and double-immunolabeled with antibodies against GPR17 and myelin proteins. Representative immunofluorescence micrographs showing that after differentiation shRNA-Scr-transfected Oli-neu cells (GFP-positive cells in a and b) express high levels of GPR17 (a'', b''), and no myelin proteins (a', b'). Conversely, shRNA-SNX27-transfected cells (GFPpositive cells in c and d) show high immunoreactivity for MAG (c') and MBP (d'), with a concomitant GPR17 down-regulation (c'', d''). B Quantitative analysis (see Materials and Methods for details on image acquisition and analysis) demonstrated that the percentage of MBP + cells was significantly higher in shRNA-SNX27-transfected Oli-neu cells compared with shRNA-Scr-transfected cells. Mean values ± s.e.m., n=505 cells transfected with shRNA-Scr and 523 cells transfected with shRNA-SNX27 were examined. **P=0.0050 (two-tailed Student's t-test). C Representative Western blot of cell lysates (30 µg of proteins) confirmed increased MAG expression in Oli-neu cells transfected with shRNA-SNX27. Histogram on the right shows the quantitative analysis of MAG expression; values are the mean ± s.e.m., n=3 *P=0.042 (two-tailed unpaired Student's t-test). D SNX27 knock-down accelerates the downregulation of GPR17 in differentiating OPCs. Mouse OPCs were transfected with shRNA-Scr or shRNA-SNX27 and then analyzed by Western blotting. Quantitative analysis of Western blots revealed a significant decrease in GPR17 in cultures after SNX27 silencing (mean values ± s.e.m., n=3, *P=0.012 by two-tailed unpaired Student's t-test). Moreover, an increased number of MAG-expressing cells was detected in OPC cultures transfected with shRNA-SNX27 (mean values ± s.e.m., n=1170 cells transfected with shRNA-Scr and 1226 cells transfected with shRNA-SNX27; P=0.054 by two-tailed unpaired Student's t-test). E Cytoplasmic (Cyto) and nuclear (Nucl) fractions were prepared from transfected Oli-neu cells after 48 h in CM. Equal amounts of proteins (40 µg) were subjected to Western blotting analysis for cellular localization of GAPDH, GFP and Id2. After SNX27 silencing, Id2 partially relocalized to the cytoplasmic compartment. A, C Immunohistochemical analysis of the colocalization between Olig2 and GPR17 (A) and Olig2 and CC1 (C) in brain slices from euploid and Ts65Dn mice. Scale bars: 100 μm (A) and 50 μm (C). B, D Quantification of the number of GPR17-(B) and CC1-positive cells (D) in the whole brain hemisphere (left panels) and in selected brain areas (right panels). The number of cells was normalized to the total number of counted optical fields/condition. The results are the mean ± s.e.m. of 4 slices in the case of CC1 + cells, and 10 slices in the case of GPR17 + cells from 4 animals each for euploid (Eu) and Ts65Dn (Ts) mice. *P<0.05 and **P<0.01 with respect to the corresponding euploid values by the unpaired two-tailed Student's t-test.
Figure 10. Decreased number of GSTπ-positive cells in the brains of Ts65Dn mice.
A Immunohistochemical analysis of GSTπ expression in brain slices from euploid and Ts65Dn mice. Scale bar: 50 ìM. B Quantification of the number of GSTπ -positive cells in the whole brain hemisphere (left) and in selected brain areas (right). The number of cells was normalized to the total number of counted optical fields/condition. The results are the mean ± s.e.m. of 4 slices from 3 animals each for euploid (Eu) and Ts65Dn (Ts) mice.
Figure 11. Decreased myelination in brains of Ts65Dn mice.
A-D' Representative images of brain hemispheres from euploid or Ts65Dn mice immunostained for MBP (see Methods for details on image acquisition and analysis). MBP expression was examined in regions of cortex and dorsal corpus striatum (A, B, C, D; see also Supp. Info. Fig. 8 ). The selected areas were converted in binary format (A', B', C', D') and the regions between the red lines were subjected to densitometric analysis with the ImageJ program. The mean intensities were quantified in 6 brain slices from 3 animals for each genotype and equal areas for cortex (CTX; euploid = 4.95 mm 2 ; Ts65Dn = 5.07 mm 2 ) or dorsal corpus striatum (STRd; euploid = 5.90 mm 2 ; Ts65Dn = 5.90 mm 2 ) were examined. Scale bar = 450 µm. E, F Histograms showing data as % ± s.e.m. of euploid set to 100%, n=6; *P<0.05 with respect to euploid by the unpaired two-tailed Student's t-test. G Western blotting analysis of MBP expression. Left, representative autoradiography of MBP protein expression in hippocampal protein lysates from 3 animals for each genotype. Right, histograms showing the densitometric quantification of the two major isoforms of MBP corresponding to the polypeptides of 14 kDa and 18.5/17 kDa. The results are expressed as % ± s.e.m. of euploid set to 100%, n=3; *P<0.05 with respect to euploid by the unpaired two-tailed Student's t-test. 
